As urbanization gathers pace and climate change increases the number and magnitude of many natural hazards, cities are increasingly becoming hot spots for disasters. Although the role of appropriate urban forms in reducing disaster vulnerability has been recognized for some time, the majority of its potential remains focused on long-term mitigation efforts. In contrast, examination of the relationships with short-term disaster management activities such as response and immediate recovery has not been thoroughly conducted. This paper contributes to this shortfall by analysing a critical type of rapid onset disaster, a near-field tsunami, and the role of urban form in supporting the populations' core response activities of evacuation and sheltering. The Chilean city of Iquique (affected by a severe earthquake and minor tsunami in 2014) is examined using a mixed methods approach that provides the basis for proposed macro-scale and micro-scale changes in its urban form; these modifications, in turn, are assessed with geographic information system (GIS) and agent-based computer models. The results show important existing evacuation vulnerability throughout major areas of the city (as the result of interrelated critical conditions), which nonetheless could be significantly reduced by the changes proposed. Further steps in this iterative process, in turn, could lead to the development of evacuation-based urban design standards capable of being transferred to different tsunami-prone contexts around the world.
Introduction
To minimize their overall impacts, rapid onset urban disasters like near-field tsunamis require prompt responses from vulnerable populations, including appropriate decisions about critical activities such as evacuation and sheltering. Usually the people conduct these activities without official guidance and in a hazardous urban environment, due to 'cascading failures' brought about by the previous large-magnitude earthquake. It has been argued that the characteristics of urban form can increase a community's capacities to deal with unfolding crises like this and therefore achieve urban resilience to disasters (Allan et al., 2013) ; nevertheless, little literature exists regarding this link (Allan et al., 2013; Allan and Roberts, 2009 ) and changes that might bring about improvement are not commonly examined. In this respect, the majority of tsunami risk-reduction efforts examine the built environment (e.g. land zoning) and emergency readiness actions (e.g. evacuation preparation) as separate areas of study and practice: whilst the former focuses on longterm changes excluding evacuation analysis, the latter examines the urban realm as a static context. This paper analyses this gap in the tsunami-prone city of Iquique, Chile, by including a diagnosis of the existing situation, a series of urban modifications to improve these conditions and an appraisal of these changes by qualitative and quantitative tools.
The paper is divided into five parts. First, a theoretical background about disasters (particularly tsunamis) and the role of urban form as a coping strategy is set out. Second, the case study of Iquique is introduced, including the proposed research method. Third, the existing situation and urban recommendations for improvement are examined with the aid of computer-based models and fieldwork. Finally, the results and their implications for tsunami risk reduction in the urban built environment are discussed.
The role of urban form in coping with disasters From emergency management to disaster risk reduction
The global number of yearly reported natural disasters has quadrupled since the 1960s, reaching more than 400 events and 200,000 affected people per year in the 2010s (International Disaster Database, 2011) . This growth can be partially explained by interrelated factors such as global warming and poor management of natural resources (Joerin and Shaw, 2010) . Nevertheless, probably the most important factor is the increasing exposure of people to natural hazards, caused by human development patterns such as rapid urban growth and rising social inequalities, especially in the developing world. Moreover, as urbanisation gathers pace, cities have become 'hot spots' for disasters (Joerin and Shaw, 2010; Wamsler, 2014) .
Since the 1950s, governmental tactics for coping with disasters have evolved from a civildefence-based response and relief approach to a risk-reduction strategy (Pearce, 2003; Tarrant, 2006; UNISDR, 2004) . Within this framework, the potential role of built environment disciplines such as urban planning and urban design has been increasingly accepted as integral to the long-term mitigation of hazards and location-specific vulnerabilities. This can be achieved via the management and modification of the spatial arrangements, functions and ongoing growth or decline of cities and regions (Burby et al., 1999; Wamsler, 2014) . actions are essential for attaining urban resilience to disasters, i.e. the ability to cope with these catastrophes by surviving them and minimizing their impacts, resulting in recovery with minor social disruption (Cutter et al., 2008) .
Despite the critical importance of urban form in achieving resilience, little literature exists regarding this connection (Allan et al., 2013; Allan and Roberts, 2009 ). As Allan et al. (2013: 244) argue, 'recovery planning and emergency management documents typically refer to the urban environment as a place that should be recovered rather than one that might support recovery'. Noticeable exceptions to this gap are authors like Cai and Wang (2009), Ciborowski (1982) , He and Xu (2012) , Ishikawa (2002) and Wu (2012) , who have examined the role of urban form during a range of disaster response activities like evacuation, sheltering, crowd behaviour and accessibility of emergency relief services to vulnerable areas.
A critical case of rapid onset disasters: Near-field tsunamis
The importance of urban forms appropriate to the risks presented by hazards is especially critical in the case of rapid onset disasters such as near-field tsunamis affecting densely populated coastal locations. In cases like this, the vulnerable population has little time (typically only minutes or few hours) to make appropriate decisions about essential activities such as evacuation and sheltering, which in turn have a strong influence on the overall impact of the catastrophe. Moreover, in many occasions these actions have to be autonomously conducted by the people, due to the cascading failure of emergency systems following a strong earthquake (Alesch and Siembieda, 2012) . This context of crisis can be alleviated by the urban form having characteristics that promote resilience in the form of support for rapid and effective response.
A literature review of theoretical and applied tsunami risk reduction efforts in coastal communities (Bernard, 1995; Kazusa, 2004; Murata et al., 2010; Preuss, 1988; Scheer et al., 2012; Shuto and Fujima, 2009) shows that there are three main types of strategies for coping with tsunami risk in coastal areas: (1) extensive civil-engineered defences (e.g. breakwaters, sea gates, seawalls, control forests); (2) land use and built environment measures (e.g. zoning, building codes and design recommendations) and (3) emergency readiness systems (e.g. education, warning systems and especially population evacuation preparedness). Given that large-scale engineered countermeasures have not been widely used outside Japan, tsunami evacuation remains 'the most important and effective method to save human lives' (Shuto, 2005: 8) .
Regarding built environment-based strategies, Carmona et al. (2010) and Conzen (1960) point out that there are four essential urban form elements: (i) streets (arranged in a street system), (ii) plots (aggregated in street blocks), (iii) land uses and (iv) building structures. These elements are part of the two key features of any urban tsunami evacuation system: routes and safe assembly areas (either 'horizontal', i.e. open public spaces, or 'vertical' e.g. existing buildings or evacuation towers). The disciplines that foster appropriate urban forms, like urban planning or urban design, can therefore have a strong influence on the overall outcome of an emergency evacuation. Within tsunami risk reduction frameworks, urban form and evacuation should be strongly linked in a two-way relationship subject to ongoing review and improvement. Nevertheless, current approaches, upon examination, typically exhibit a lack of connection between these two aspects.
Urban form-related tsunami risk reduction approaches (such as zoning, relocation of population and activities, creation of buffer zones, and design or building codes) are longterm mitigation strategies. It is common that a deep analysis of actual populations' responses in the case of tsunami emergency is not undertaken when these approaches are employed.
In turn, evacuation analyses commonly examine the different aspects of recorded or potential crises (e.g. population behaviour, involved departure/displacement times, risks, etc.) but with an exclusive focus on the description and/or diagnosis of the situation, without a deeper examination of how the urban spaces themselves could be designed to improve the population's response (e.g. evacuation and sheltering). The urban form is assumed as an almost immutable context. This paper aims to bridge this gap by examining, first, the role of urban form in achieving more effective and safer evacuations during near-field tsunamis; second, the paths to improve this role through appropriate urban design recommendations; and, third, the possible quantitative and qualitative tools to appraise these. To achieve this, this paper will introduce the case study of Iquique, a Chilean tsunami-prone city with current high levels of vulnerability.
The paper focuses on pedestrian evacuation, which is strongly encouraged over car-based ones in case of a near-field tsunami emergency (Imamura, 2012; IOC-UNESCO, 2008; Johnstone and Lence, 2011; Samant et al., 2008; Scheer et al., 2011; Spahn et al., 2010; Wood and Schmidtlein, 2012) .
Urban form and tsunami evacuation in Iquique, Chile An earthquake and tsunami-prone city in the desert Iquique is an earthquake and tsunami-prone territory. Lomnitz (1970) points out that, since 1535, at least five major earthquakes have had their epicentres in the northern area of Chile; in turn, at least four of these events caused major tsunamis (in 1604, 1715, 1868 and 1877) . In the case of Iquique, the first of the last two major registered tsunamis struck on the 13th of August of 1868, causing more than 150 deaths and huge material losses (Donoso, 2008) , with a run-up approximately 18 m above sea level (Monge and Mendoza, 1993) . The second one hit the city on the 9th of May of 1877, causing around 30 deaths (Monge and Mendoza, 1993) . Both were caused by near-epicentre earthquakes with an estimated moment magnitude of 8.8 (Comte and Pardo, 1991) .
The last major seismic event that struck Iquique occurred on the 1st of April of 2014 at 8:46 PM, when a M8.2 earthquake hit the city with an epicentre located 85 km northwest (USGS, 2014). The earthquake brought about seven deaths, around US$100 million in material losses (Hayes et al., 2014; Labrı´n, 2014) and triggered a minor tsunami that hit the city's coasts at approximately 9:05 PM, with a maximum height of around 2.5 m above normal sea level. The altered ocean conditions, in turn, lasted for about 12 h (IOC, 2014) . Only a small part of the northwest coast of Iquique was impacted by the waves; the rest of the city, fortunately, was not affected by the phenomenon. The population conducted a massive preventive evacuation (estimated at 60,000 people (Salinas, 2014) ) after a tsunami warning was released at 8:54 PM by the Chilean Emergency Management Agency (ONEMI). Local and national authorities praised the overall success of the evacuation, although two main problems were detected: the use of cars that led to accidents and blockages in some routes, and the lack of street lighting due to the power failure provoked by the earthquake (Mun˜oz, 2014; Riveros, 2014) .
A large magnitude earthquake has been predicted for Iquique for many decades, due to the long seismic gap after the 1877 event. Scientists underline that the 1st of April of 2014 earthquake was not the expected major event and that large non-fractured seismic zones remain in the subduction junction between the Nazca and the South American plates ( Hayes et al., 2014) . These segments (hundreds of kilometres long each) are located both north and south of Iquique and they could produce mega earthquakes in the future, with possible associated tsunamis (Hayes et al., 2014) .
Antecedent conditions of tsunami vulnerability in Iquique
It can be argued that the current vulnerability to tsunamis in Iquique is the historical outcome of four interrelated antecedent conditions, also existing in other tsunami-prone contexts around the world. The first condition is the long recurrence of these phenomena. For a given coastal location, destructive tsunamis can have return periods of several decades or even centuries. This fact can undermine both long-term risk reduction efforts and everyday tsunami awareness among the population and authorities (especially in developing countries with multiple competing needs and limited resources), leading to urban growth patterns that increase vulnerability. For instance, between the major earthquakes of 1877 and 2014 Iquique increased its urban area from approximately 70 to 1500 ha; of these, around 770 (51.3%) are located in tsunami vulnerable zones, including extremely risky areas like the tax free trade zone (Zona Franca de Iquique, ZOFRI), with an average elevation less than 10 m (see Figure 1) .
The second antecedent condition is related to siting decisions and inertia. Coastlines have always attracted human settlements for housing, maritime facilities and resort developments, a tendency fostered by the long gaps between devastating tsunamis (NTHMP, 2001) . Once coastal towns start to develop specific location-related characteristics, 'the urbanization process tends to be definitive and in general terms irreversible' (Menoni and Pesaro, 2008: 34) . Relocation, as a possible response to increased tsunami awareness, has proven difficult due to the tight bonds historically developed between the population and its site (Menoni and Pesaro, 2008; Oliver-Smith, 1991) . Iquique, for instance, has historically taken advantage of its coastal location, as a small fishing cove, a mining port and now a commercial and touristic hub. Nowadays, around a 40% of the coastal population (i.e. 83,331 people) live in tsunami vulnerable zones.
A third antecedent condition is the morphological characteristics of the city. At a macroscale level, certain street pattern arrangements are better suited for a rapid evacuation than others. For instance, the dense orthogonal grid is common in Latin American cities as the result of urban guidelines embodied in the 'Leyes de Indias', enacted in 1573 by King Felipe II of Spain (Wyrobisz, 1980) . For evacuation purposes, the grid provides straight, redundant and nearby routes; this is an important advantage over other patterns with more 'hierarchical' layouts, like those with curvilinear distributor roads, branching patterns and many cul-de-sacs (common in contemporary urbanization) (Marshall, 2005) . At a microscale level, in turn, certain characteristics of the urban form might seriously increase the vulnerability of evacuees. In the case of Iquique, for instance, the old central business district (CBD) is provided with narrow street sections (typically 10-11 m wide) bounded by two, three or four-storey high continuous facades; most of these, in turn, have poor seismic qualities and multiple risky elements (e.g. billboards, plasterboard decorating elements, etc.). This streetscape is also characterized by an overall poor evacuation-related design of urban furniture elements.
Finally, the fourth antecedent condition is the actual response of the population and emergency systems during a near-field tsunami evacuation. The analysis of past emergencies in Iquique and other tsunami-prone sites allows the identification of common harmful characteristics in this type of situations: (i) an overall collapse across the interrelated elements of human settlements (e.g. lifeline infrastructures, communication networks, etc.) due to 'sequential failures' provoked by a large magnitude earthquake (Alesch and Siembieda, 2012; Little, 2002) ; (ii) little or no guidance provided by the authority (including information provision), due to sequential failures, lack of enough personnel for managing tens of thousands of evacuees and institutional needs for saving critical equipment for the post-disaster stage and (iii) evacuation-hindering behaviours among the population, such as incorrect routing, late departure, use of cars, entering vulnerable areas instead of leaving them (for instance, to pick up children from school) and returning home before the warning was cancelled.
Research method and outcomes
This paper is based upon a case study research method in three sequential phases: (1) a diagnosis of the existing situation, (2) a proposal of strategic urban design recommendations and (3) a critical examination of this modified scenario. In turn, each phase was developed at two different levels, each of them of crucial importance: the macro-scale of the urban tsunami evacuation system comprised of routes and safe assembly areas, and the microscale of the actual evacuees' experience when occupying them during an emergency. The three phases at their two scales were examined by combining quantitative and qualitative methods as described below.
Diagnosing the existing situation. The existing macro-scale conditions for tsunami evacuation in Iquique were examined with the aid of two computer-based models. Mas et al. (2013) point out that using tsunami evacuation models is a feasible approach due to the difficulties involved in real world 'experiments', i.e. evacuation drills: interruption of daily activities, creation of unpleasant feelings in residents and tourists, non-full population participation, difficulties for periodic repetitions, etc. The first developed model aimed to examine the urban configuration, i.e. 'the way in which the spatial elements through which people move -streets, squares, alleys, and so on-are linked together to form some kind of global pattern' (Hillier et al., 1993: 29) . This configuration, in turn, determines the spatial relationship between the evacuees' vulnerable locations and safe destinations. By overlaying the Iquique tsunami flood map provided by the Chilean Navy (SHOA, 2012) and the existing urban network, a 'safety perimeter' of streets outside the vulnerable area was identified as the closest destination for evacuees (see Figure 1 ). Pedestrians and especially evacuees usually try to select the closest destination in terms of distance and time (Gehl, 2011; Meit et al. (2008) , as cited in Mohareb, 2011; Stroehle, 2008) . Drawing on this, the 'Closest Facility' function from ArcGIS's Network Analyst (which applies Dijkstra's algorithm to find, from every required location within a street network, the shortest path to one or more destinations) allowed the calculation of tens of thousands of evacuation routes, alongside the examination of their convergent spatial characteristics such as overlapping density and critical bottlenecks.
The second developed computer model, in turn, was an agent-based simulation. In this type of models, complex social systems are decomposed into units (the 'agents'), each of them following a programmed set of rules to interact between themselves and with a detailed representation of their environment (Klu¨pfel, 2003) . The outcome of this process, after a certain number of iterations in a timeline, is called complex, emergent or collective behaviour, which in the case of evacuation analyses allows to calculate the required time to remove all the agents from an endangered area (Chen and Zhan, 2008; La¨mmel et al., 2010) . The agent-based model was developed in Agent Analyst, an ArcGIS plugin (http:// resources.arcgis.com/en/help/agent-analyst/) that integrates Repast (a popular agent-based modelling platform) with the ArcGIS environment (Johnston, 2013) While this integration allows the direct definition of the model's main elements (e.g. agents and environment) from ArcGIS shapefiles, the interaction conditions need to be programmed in the ad hoc language 'Not Quite Python' (Ligmann-Zielinska, 2013 ).
In the model, every evacuee in the tsunami vulnerable area (i.e. an 'agent') was provided with a shortest route to follow (obtained from the previous network model), a base pedestrian evacuation speed (1.4 m/s) (Ando et al. (1988) , as cited in Smith, 1995) , and three speed-decreasing rules, which were combined with equal weights and applied by every agent during each step of the model. Two of the rules were related to the interaction with the environment. First, steeper street slopes (collected from a digital elevation model) lead to decreased walking speeds, according to the parameters proposed by Post et al. (2009) (see Table 1 ). Second, existing traffic conditions and streets' characteristics (collected from sources such as satellite images, maps and Google Street View) can have a direct impact on pedestrian speed by reducing the available street space for evacuation, as pointed out by Mu¨ck (2008) (see Table 2 ). The third speed-decreasing rule, in turn, was related to the spatial interaction between agents as they moved in the model; this, because larger densities of pedestrians lead to diminished walking speeds, as suggested by Ando et al. (1988) (as cited in Smith, 1995) (see Figure 2) . As the main purpose of the agent-based model was to examine the impact of the urban form (and its changes) on the evacuation process in Iquique, other dynamic conditions (like the evacuees' ability to reroute in case of emerging congestions or blockages in the network) were not included in this analysis. See snapshots of the model in Figure 3 .
The urban configuration and the agent-based models required as inputs the spatial distributions of evacuees for both daytime and night-time examined scenarios. These were obtained from an origin-destination study conducted in Iquique in 2010 by the Chilean Ministry of Transport (SECTRA, 2014), with total vulnerable populations of 108,881 and 83,331 during daytime and night-time, respectively. For the purpose of reducing computer memory and time consumptions, in turn, the city was divided into five evacuation zones that were examined separately with the models, following the approach proposed by Imamura et al. (2012) . These zones were defined according to the existing Iquique Municipality's City Response Plan to an Emergency or Disaster (Iquique, 2011 ) (see Figure 1) . Finally, in the case of the agent-based model, two different evacuees' departure scenarios were tested: a 'full compliance' one where all the agents started their evacuation at the same time (i.e. an 'optimistic' model, which in the real world could be triggered by the perception of the earthquake itself and a high-penetration warning system) and a 'delayed' scenario where few evacuees departed at the beginning of the simulation, then the number increased and then slowly decreased until it stopped. This 'pessimistic' scenario (more similar to a real emergency) was modelled according to the agents randomly selecting their evacuation start times from a Rayleigh cumulative distribution (Mas et al., 2013) , with an average departure time of 20 min after the beginning of the evacuation, i.e. the expected arrival time of a nearfield tsunami (Walker, 2013) . For this stochastic scenario, 50 simulation rounds were conducted to obtain an average value of the required times of evacuation for every zone. This number of rounds was sufficient to achieve, for every zone's average total evacuation time, a 95% confidence interval with a margin of error less than 1 min (see Figures 1, 4 and 5). The existing micro-scale conditions, in turn, were examined during a fieldwork study conducted in April 2013. This analysis included a thorough survey of existing risk factors along the priority evacuation routes, i.e. those streets that might gather the largest numbers of escaping paths during an emergency. The priority routes were identified in the urban configuration model by applying to the evacuees' found paths the 'Line Density' function from the ArcGIS' Spatial Analyst toolkit. It was found that 21 routes, adequately distributed from north to south in Iquique, gathered around 55% of all the evacuees' paths (see Figure 6 ). The risk factors, in turn, were identified through an extensive literature review on urban safety parameters (Ciborowski, 1982; Davidson and Shah, 1997; Ercolano, 2008; Erdik, 1994; He and Xu, 2012; Nadel, 2004; NFPA, 2012; NYSDOT, 2013; Scheer et al., 2012) , including two tsunami evacuation drills conducted in Chile in 2013.
Diagnosis' outcomes. A near-field tsunami in Iquique is expected to arrive to the city's coasts in around 20 min after the related earthquake. The results of the diagnosis phase at the macro-scale (summarized in Figures 1 and 5 , Tables 3 to 5) show that in the case of an 'optimistic' evacuation scenario (i.e. with non-delayed departures) up to 90% of the population during both daytime and night-time emergencies could reach a safe destination within this time. In the case of a 'pessimistic' scenario, in turn, only 26% of the daytime and 30% of the night-time populations could reach a safe area within this time. In turn, a complete evacuation of the city could take around one and a half hours.
Despite the overall positive characteristics of an 'optimistic' evacuation scenario, the findings show that some parts of Iquique remain significantly vulnerable, as their inhabitants would not be able to complete an evacuation in case of a near-field tsunami emergency. Particularly, the ZOFRI located in zone 1, the port site in zone 2 and the Cavancha Peninsula and Beach in zones 3 and 4 have evacuation times that can extend up to 42, 36, 33 and 28 min, respectively, even during an 'optimistic' scenario (see Figure 1) . At the micro-scale level, in turn, the fieldwork analysis of the previously identified 21 priority evacuation routes allowed the identification of 393 vulnerable points along approximately 16.87 km of streets, i.e. around one every 43 m. These issues can be classified into three main categories. First, poor physical conditions and inadequate maintenance of the urban environment, including: critical street sections where seismically vulnerable high facades are located too close to the sidewalk; and damaged or absent pavements on sidewalk and roadways. Second, issues derived from a poor evacuation-related design of the public space, including: inadequate sidewalk characteristics (including steps, sudden narrowing or end of the footway, impeding elements such as wrongly placed fences, kiosks, bollards, flower beds, agglomeration of trees, etc.); an existing dense above-ground network for electricity distribution (including wires, poles and transformers); hazardous elements that are external to the pedestrian space, such as hanging billboards, poor-quality cantilever facades and balconies, and gas tanks; and lack of support systems for emergency conditions (e.g. electrical power blackout in Iquique is common following a large magnitude earthquake). The third type of issue for evacuation at the micro-scale level is related to inappropriate evacuation-related uses of the public space, which include: high levels of vehicular traffic, cars commonly parked on the sidewalk and occupation of the sidewalk space with transitory activities such as restaurant tables and street trading.
Urban form changes for tsunami evacuation. The diagnosis phase allowed the identification of critical parts of the urban realm where feasible interventions could be developed to improve existing conditions for tsunami evacuation; this is a type of 'what-if' scenario analysis, which investigates 'what will happen on the condition of some specified near-future events of great importance for future development' (Bo¨rjeson et al., 2006: 726) . At the macro-scale, interventions were developed for the three areas with the highest total evacuation times in Iquique, as found during the diagnosis phase (see Figures 1 and 6 ): the ZOFRI (zone 1), the port site (zone 2) and the Cavancha Beach (zone 3). In the first two cases, the proposal includes the creation of vertical evacuation points (e.g. tsunami-resistant towers), whilst in the Cavancha Beach it is suggested the provision of a new pedestrian connection across the former airport lot. The densely built Cavancha Peninsula, in turn, could use some of its existing high-rise buildings as public vertical evacuation points. This option, however, has been deemed unfeasible by local emergency planners due to the inability of guaranteeing the stability of these buildings in front of the tsunami's distribution of forces (Araneda, 2014; Gallardo, 2014) and therefore is not part of this analysis. A final macro-scale change is suggested for the densely populated CBD: the pedestrianization of approximately 800 m in four of its narrow streets, to mitigate the threat to evacuees currently posed by the excess of vehicular traffic (see Figure 6 ). At the micro-scale level, in turn, the modification scheme aimed to improve the evacuation-related characteristics of the 21 priority routes identified in Iquique. The proposal aims to mitigate the vulnerabilities identified during the diagnosis phase with an appropriate urban design, especially in the most critical parts of the routes, like those located adjacent to the coast and in the CBD. Safety and wayfinding systems such as solar-powered street lighting, continuous pavements for guidance and tsunami signage should also be incorporated. By combining micro-scale with macro-scale modifications (e.g. pedestrianization), in turn, an overall enhancement of the urban quality could be achieved (see Figure 7) .
Finally, micro-scale modifications should also aim to generate a network of smallmedium assembly spaces along the aforementioned 'safety perimeter' for sheltering the evacuees during several hours. Currently, Iquique is lacking open public spaces outside the floodable area capable of providing shelter and supporting the delivery of first aid and other disaster-related services. Recent tsunami emergencies in the city were characterized by disorderly gatherings of evacuees in remnant or non-built urban areas, sometimes not clearly separated from vehicular traffic and lacking any kind of infrastructure or amenities.
Assessment of the modified situation. The proposed macro-scale modifications in Iquique were examined with the aid of the urban configuration and agent-based models introduced above. The changes in the evacuation routes, the total required times for evacuation and the rate of safe evacuees in time are summarized in Tables 3 to 5 and Figure 5 .
The urban configuration model shows the importance of an appropriate street pattern in providing expedited connections between vulnerable and safe urban areas. The evacuees' initial Euclidean distances to the safe destinations have a direct impact on the overall length of the evacuation routes; this intrinsic vulnerability can be mitigated by an appropriately dense and connected urban grid. On this point, Dill (2004: 4) suggests the Pedestrian Route Directness (PRD) index as 'the ratio of route distance to straight-line distance for two selected points'. For instance, in Iquique zone 2 has the lowest average PRD (1.16 for both daytime and night-time emergencies), whilst zone 5 has the highest one (2.0 in both scenarios). Zone 2 is a much more 'connected' area than zone 5: it is provided with a street density of 18.76 (km/km 2 ) and an intersection density of 127.03 (junctions/km 2 ), versus 11.12 (km/km 2 ) and 78.01 (junctions/km 2 ), respectively, in the case of zone 5. As the result of these conditions, evacuation routes in zone 5 are proportionally larger than those in zone 2 and include more changes of direction during the trip between vulnerable and safe areas, which might imply wayfinding (i.e. 'the process of determining and following a path or route between an origin and a destination' (Golledge, 1999: 6) ) issues for evacuees.
The urban configuration model also shows that the total length of the evacuation routes could be significantly reduced in the zones where the proposal includes new vertical evacuation points, i.e. zone 1 and 2 (see Figures 1 and 6 ): a 33.84 and 44.24% of reduction during the daytime scenarios, and a 56.65 and a 38.01% during the night-time emergencies, respectively. In the case of the new pedestrian crossing proposed in zone 3, where the safe destination remains the same, the impact of the reduction is less, 15.28%. The reduction on the average evacuation routes, in turn, is also determined by the likely ratio of evacuees using the new facilities. The proposed vertical evacuation points are expected to be built and operated by the ZOFRI and the Port and located in sites owned by these companies. Therefore, they would have a limited number of potential users (i.e. employees), mainly during a daytime scenario: 479 (ZOFRI) and 620 evacuees (port), i.e. only around a 2.84 and a 1.79% of the total daytime populations in zone 1 and 2, respectively. The related average length of evacuation routes, in turn, is reduced by 6.25% (zone 1) and 4.69% (zone 2), whilst the night-time scenarios are not affected. In zone 3, around 5000 evacuees, located mainly at the Cavancha Beach (i.e. a 16.1% of the zone's population) are the users of the new pedestrian crossing. In this case, a reduction of a 1.61% in the average length of the daytime evacuation routes is expected (with no changes in the night-time scenario, when the beach is practically empty).
The agent-based model, in turn, shows that the reduction in the largest routes' lengths could lead to noticeable decreases in the total required evacuation times: up to a 54.76% (zone 1, night-time) in an 'optimistic' scenario, and up to a 10.1% (zone 1, daytime) during a 'pessimistic' one. The improvement in rate of safe evacuees in time, in turn, is limited by the number of 'agents' that actually use the proposed facilities in the model. In the case of the 'optimistic' scenario, the largest improvement is achieved at around the 20 min mark of evacuation, with an 'extra' number of 4629 and 1827 evacuees during the daytime and night-time emergencies, respectively. The 'pessimistic' scenario, in turn, exhibits its greatest change (although a minor one, when compared to the 'optimistic' model) at minute 35 of evacuation, with 2386 and 782 'extra' evacuees during the daytime and night-time modified scenarios, respectively.
Discussion
Iquique's significant vulnerability to near-field tsunamis is the historical outcome of antecedent conditions that include the long recurrence between disasters, the need to take advantage of coastal proximity, urban development patterns and the actual responses of the exposed populations during emergencies. Usual long-term efforts to mitigate this vulnerability, like civil-engineered defences or land use changes, can be difficult or unfeasible to implement in a developing country like Chile, with multiple competing needs and limited resources. It seems appropriate, then, to strategically focus efforts on evacuation, 'the most important and effective method to save human lives' during a tsunami (Shuto, 2005: 8) . Particularly, this paper examined how macro-and micro-scale urban form changes related to street patterns and safe assembly areas in Iquique can lead to significant reductions on the required times for evacuation and to safer conditions for evacuees. It was also suggested that these changes can trigger an overall improvement of the urban realm and provide the population with enhanced open public spaces, to be enjoyed by the population especially during non-emergency times.
These changes were proposed to mitigate the most urgent evacuation-related issues detected during the diagnosis phase, including a 'feasibility' check provided by fieldwork; they need to be understood as a necessary first step of an iterative improvement strategy. There are multiple possible interventions that could be tested in Iquique. Although it is beyond the scope of this paper, specific methods could be applied to compare multiple possible interventions and identify one or more preferred solutions; see for instance a 'multi-criteria decision analysis' for tsunami vertical-evacuation refuges in Wood et al. (2014) and multiple scenario testing in Di Mauro et al. (2013) .
It is also important to underline the large existing differences between the 'optimistic' and 'pessimistic' scenarios examined in this paper, as the result of rapid versus delayed evacuations. To this respect, it has been argued that the populations' decision to evacuate is complex to predict and relates to risk perception, social factors and access to information Strunz et al., 2011) . Nevertheless, this paper suggests that ongoing risk-reduction efforts in Iquique point in the right direction by fostering evacuation responses that might be closer to an 'optimistic' scenario in case of an emergency. These efforts include the installation in 2013 of 17 long-range klaxon alarms for warning spreading, and educational campaigns based on information provision (via TV, radio and brochures) and five large tsunami evacuation drills conducted in the city in 2008, 2010, 2011, 2012 and 2013 . The suggested micro-scale changes could also contribute to an 'ongoing evacuation education' in Iquique, by the incorporation of proper signage or other related changes (for instance, renaming streets or public spaces according to its evacuation role).
In this paper, micro-scale vulnerabilities were examined during the fieldwork phase, leading to the suggestion of qualitative changes for priority evacuation routes as those shown in Figure 7 . Future research in this area could benefit from larger surveys to provide a more quantitative analysis. This could be done, for instance, by developing several 'failure scenarios' where the spatial agglomeration of micro-scale features might lead to the identification of possible bottlenecks or blockage points during an emergency. These points, in turn, could be loaded into an enhanced agent-based model including more dynamic characteristics, like the capacity of re-routing in front of those critical conditions when they are 'activated' as model parameters. Another possibility is to convert the surveyed micro-vulnerabilities into 'cost surfaces' for least-cost-distance analysis (see for instance Laghi and Cavalletti (2006) ) to find the shortest paths between vulnerable and safe locations in the macro-scale analysis.
Conclusion
This paper has argued that urban form can have an essential role in responding to rapid onset disasters, particularly by achieving safer and more effective evacuations in case of nearfield tsunamis. Two different scales were examined in the case study of Iquique, Chile: the macro-scale of the urban configuration (including street pattern arrangements and location of safe areas) and the micro-scale of the built environment conditions experienced by the evacuees during a possible evacuation. The paper suggested a mixed methods approach (computer-based models and fieldwork) developed in three sequential phases including the diagnosis of the existing situation, the proposal of strategic urban design recommendations for improvement and a critical analysis of the modified scenario.
The results showed significant existing evacuation vulnerability in Iquique at both scales of analysis, when even during 'optimistic' scenarios a total evacuation cannot be completed in the expected arrival time of a near-field tsunami (20 min). The developed models also showed that the suggested urban modifications, in turn, are capable of improving the existing conditions especially by reducing the total evacuation times in some critical areas. The rate of safe evacuees in time could also be enhanced, but the relative importance of this improvement decreases as the evacuees' departure time moves from an 'optimistic' to a 'pessimistic' scenario. Moreover, the overall impact of the design recommendations is limited by the actual number of expected users. By developing further urban interventions under an iterative strategy of multiple-scenarios testing, greater improvements could potentially be achieved.
It is necessary to underline that this paper examined theoretical responses to an urban design and disaster vulnerability problem. For their implementation in a 'real world' context, urban modifications as those suggested should undergo a complex process of testing and validation against multiple constraints and competing needs. This process might include: gathering of political, social and financial support; analysis of environmental, real estate and transit implications; and study of engineering requirements, among others.
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